Background: Myeloid Dendritic cells are key drivers of inflammation in smoke-related lung diseases, whereas plasmacytoid DCs play a crucial role in the defense against infections. Effects of inhaled corticosteroids (ICS) on airway DCs in smokers are unknown. Methods: In this randomized, double-blind, placebo-controlled clinical trial, 45 active cigarette smokers inhaled placebo, fluticasone or fluticasone plus salmeterol twice daily for 4 weeks. Bronchoalveolar lavage fluid DCs were analyzed using four-color flow cytometry before and after the inhalation period. In addition, fluticasone effects were tested on T-cell proliferation in co-cultures with blood myeloid DCs from smokers.
Background
Smoking is the most prominent risk factor for the development of inflammatory lung diseases such as chronic obstructive pulmonary disease (COPD), Pulmonary Langerhans Cell Histiocytosis (PLCH) or Respiratory Bronchiolitis Interstitial Lung Disease (RB-ILD) [1] . In patients with asthma, smoking reduces asthma control and the therapeutic response to inhaled contricosteroids (ICS) [2] . There is growing evidence that a pathologic accumulation and activation of Dendritic cells (DCs) within the lung plays a central pathogenetic role in these diseases [3] [4] [5] . Airway DCs are professional antigen presenting cells which control pulmonary immune responses by regulating the expansion of specific pro-inflammatory or anti-inflammatory T-cell subsets [3] . Under physiological conditions, DCs migrate to the draining lymph nodes in order to present antigenic information to lymphocytes. However, mainly under pathological conditions, DCs can also present antigens locally to lymphocytes within the lung parenchyma [6] . DCs are subdivided into myeloid DCs (mDCs) and plasmacytoid DCs (pDCs). The mDCs initiate and promote inflammation in various diseases of the airways, including asthma and respiratory infections [7, 8] . The functional role of pDCs in humans is less clear. Current concepts postulate that pDCs might have anti-inflammatory properties and that pDCs play a crucial role in the defense against infections [7, 8] .
In the airways of smokers, a characteristic expansion of Langerhans cells (a subset of mDCs) can be observed [9] . In addition, airway mDCs of smokers are characterised by changes in function-associated surface molecules, such as an increased expression of the co-stimulatory molecules CD80 and CD86, and an increased expression of antigen recognition receptors such as BDCA-1 (CD1c) and MMR (Macrophage Mannose Receptor) [9] . Smoke-related lung diseases such as COPD and PLCH are accompanied by a local accumulation of DCs in the lungs which exceeds DC numbers in smoking controls [1, [10] [11] [12] . In addition, phenotypic characteristics of DCs appear to differ between "healthy" smokers and patients with smoke-related lung diseases [13] . Although there is a substantial body of evidence that corticosteroids influence airway DCs in patients with allergic asthma and allergic rhinitis [14] [15] [16] , there is currently no information on the effect of ICS on airway DCs in cigarette smokers with or without smokerelated lung diseases. Therefore, it was the aim of this trial to investigate the influence of ICS inhalation on airway DCs in smokers for the first time. Participant selection was limited to smokers with normal spirometry, because the local ethics committee of Rostock (Germany) stated that it is ethically inappropriate to treat patients with COPD (of any severity) with placebo only. Using an established flow cytometric method to analyze DCs in human bronchoalveolar lavage (BAL) fluid [17] [18] [19] , we measured airway DCs in smokers prior to and after 4 weeks of inhalation of fluticasone, and compared the findings with the effects of placebo treatment and of combination therapy (fluticasone plus salmeterol), in a randomized, doubleblind, placebo-controlled clinical trial.
Methods

Study approval and endpoints
The study was approved by the ethics committee of Rostock (Germany), the german regulatory authority (Bundesinstitut für Arzneimittel und Medizinprodukte, BfArM, www.bfarm.de), the European Medicines Agency (EMA, www.ema.europa.eu, registration number EUDR ACT 2009-009459-40), and registered with www.Clinical Trials.gov (NCT00908362). All participants gave their written informed consent. Primary endpoint were DC concentrations in BAL fluid, secondary endpoints were mDC surface molecules in BAL fluid after treatment with the study drug. The study was supported by GlaxoSmithKline (GSK, Brentford, UK).
Participants
Participants were recruited in Rostock (Germany), using these inclusion criteria: 1. men between 30 and 60 years, 2. current smoking of at least 10 cigarettes per day and no intention to stop smoking despite counseling about adverse effects of smoking and methods to quit, 3. smoking history of at least 15 years. Exclusion criteria were: 1. any history of chronic diseases (except arterial hypertension), 2. any regular medication (except medication for arterial hypertension), 3. respiratory tract infections within the last week prior to study inclusion, 4. an oxygen saturation below 90%, 5. a forced expiratory volume in the first second (FEV 1 ) < 80% of the predicted value.
Study design and medication
The study flow diagram is shown in Figure 1 . Lung function was measured using body plethysmography (Masterscreen, Carefusion, Hoechberg, Germany). Following study inclusion, blood was collected (for the analysis of blood cell counts, C-reactive protein and blood DCs) and the first bronchoscopy was performed. Afterwards, participants obtained a blinded Discus® (labeled with the participant's number according to the randomization list). The inhalation technique was demonstrated and checked. Participants were instructed to use the device twice daily for 28 days. The devices (provided by GlaxoSmithKline, GSK, Brentford, UK) contained one of the three study medications: placebo, fluticasone (250 μg per dose) or fluticasone (250 μg per dose) plus salmeterol (50 μg per dose). Participants and investigators were unaware of the study medication. Adherence was measured using dose counters in the devices. Directly after the inhalation period, lung function testing, blood collection and the second bronchoscopy was performed. There was a follow-up over 14 days after the second bronchoscopy which mainly included clinical monitoring of the participants.
Bronchoalveolar lavage and flow cytometry
BAL was performed in the middle lobe using flexible bronchoscopes (Olympus, Hamburg, Germany) with 100 ml of sterile saline. BAL fluid cells were isolated and differential cell counts determined as described [17] [18] [19] . DCs in BAL fluid and blood were analyzed using fourcolour flow cytometry (see antibody panel in Additional file 1: Table S1) as described [17] [18] [19] . The concentration of blood DCs was calculated using the following formula: (%DCs/100) × blood leukocyte concentration. The concentration of BALF DCs was calculated using the following formula: (%DCs/100) × BALF cell concentration. At least 150000 events were measured. The gating strategy and histogram plots for DC surface molecule analysis are shown in Figure 2 .
Isolation of cells for cell culture experiments
Blood mDCs were isolated from asymptomatic smokers using a commercial CD1c (BDCA-1)+ Dendritic Cell Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Germany) as described [20] . In all experiments, purity of blood mDCs was > 90%. Autologous blood CD4+ T-cells were isolated using the commercial CD4+ T cell Isolation Kit II (Miltenyi Biotec, Bergisch Gladbach, Germany) as described [20] .
Cell cultures and T-cell proliferation assays
Co-cultures of mDCs and autologous T-cells were performed as described [20] . Briefly, isolated CD4+T cells were resuspended in PBS containing 0.1% bovine serum albumin (1 million cells/ml) and labelled at 37°C for 10 min with 1 μM CFSE (CarboxyFluorescein diacetate Succinimidyl Ester)(Invitrogen, Karlsruhe, Germany). Labelling was stopped with ice-cold RPMI 1640 followed by an incubation on ice for 5 min and three washing steps with medium. CFSE-labelled CD4+T cells (1 million cells/ml) were cocultured with blood mDCs at a 5:1 ratio in RPMI 1640 containing 10% fetal calf serum for 5 days, and stimulated with LPS (10 μg/ml, Invitrogen, San Diego, CA, USA). LPS-stimulated cell cultures were incubated with medium alone, Fluticasone (10 -7 M) or Fluticasone (10 -7 M) plus Salmeterol (10 -7 M)(GSK, Brentford, UK) as described [21] . After 5 days of culture, cells were harvested, washed with PBS (containing 2% fetal calf serum) and stained with antihuman CD3 (label: APC) for 20 min. After washing, cells were resuspended in PBS containing propidium iodide (PI, 2 μg/ml) to label dead cells. T-cell proliferation was quantified by measuring CFSE dilution of the CD3+PI-cells, using a FACSCalibur™ with BD CellQuest Pro™ Software (BD Biosciences, Heidelberg, Germany).
Statistical analysis
Data were analysed using SPSS (Chicago, IL, USA). Parameters were calculated as medians (minimum -maximum). The comparison of parameters between the time points A (prior to the first inhalation) and B (directly after the inhalation period) was performed using the Wilcoxon Figure 1 Study flow diagram. Fourty-five smokers were included into the study, based on lung function, smoking history and clinical data. Participants were randomized to inhale Placebo, Fluticasone or the combination of Fluticasone and Salmeterol twice daily for 4 weeks. Prior to the first inhalation and directly after the last inhalation of the study drug, participants underwent body plethysmography, blood collection and bronchoscopy (with bronchoalveolar lavage).
test for related samples. T-cell proliferation rates in cell cultures were compared using the Mann-Whitney U test. Probability values of p < 0.05 were regarded as significant.
Results
Characteristics of the participants
Fourty-five male smokers were included in the study based on the inclusion and exclusion criteria. In each group, there was one drop out during the 4-week inhalation period: two participants withdrew consent due to mild side effects, one participant was lost to follow-up ( Figure 1 ). The characteristics of the participants in the 3 groups who completed the study are detailed in Table 1 .
Analysis of the Discus® dose counters after the 4-week inhalation period revealed that the participants had inhaled a median of 55 (98%) of the 56 doses, with no Shown are median values (minimummaximum) of the age, anthropometric parameters and smoking history of the participants who completed the study. significant differences between the 3 groups. Lung function parameters of the participants before and after the 4-week inhalation period are specified in Additional file 1: Table S2 . Differential blood counts and concentrations of C-reactive protein (CRP) of the participants before and after the 4-week inhalation period are specified in Additional file 1: Table S3 . In all 3 groups, there were no significant differences in lung function parameters, differential blood cell counts or CRP concentrations between the two time points.
Differential cell counts in BAL fluid
The recovered BAL fluid volumes, and the total and differential leukocyte counts in BAL fluid at the time points A and B are detailed in Table 2 . The BAL fluid recovery did not differ between the two time points in all 3 groups. After 4 weeks of inhalation, there was a significant decrease in total cell counts, macrophage counts and neutrophil counts in the group treated with fluticasone plus salmeterol, but not in the group treated with fluticasone alone or placebo ( Table 2 ). In contrast, none of the study medications had a significant impact on lymphocyte or eosinophil counts in BAL fluid ( Table 2) .
DC concentrations in blood and BAL fluid
The concentrations of mDCs and pDCs in BAL fluid and in blood at the time points A and B are shown in Figure 3 . In all 3 groups, blood DC concentrations were unaffected after the 4-week inhalation period. Myeloid DCs in BAL fluid significantly decreased only in the group treated with fluticasone plus salmeterol, but not in the group treated with fluticasone alone or placebo ( Figure 3 ). Inhalation of placebo did not alter pDC concentrations in BAL fluid. There was a decrease in pDC concentrations in the groups treated with fluticasone (p = 0.12) and fluticasone/salmeterol (p = 0.13), but this decrease was not significant (Figure 3 ). Combined analysis of all fluticasone treated participants (fluticasone group and fluticasone/salmeterol group, n = 28 participants) revealed that inhalation of fluticasone significantly reduced pDCs in the BAL fluid of smokers, independently of salmeterol (Figure 4 ).
Surface molecule expression on mDCs in BAL fluid
The expression of mDC surface molecules BDCA-1, BDCA-3, BDCA-4, CD40, CD80, CD83, CD86, CCR5, Langerin and CD1a in BAL fluid is detailed in the (Additional file 1: Table S4 ). There were no significant changes in the proportions of cells (% positive) expressing the surface markers between the time points A and B. In case of CD40, there was no significant difference in the level of expression (MFI) between the time points A and B (Additional file 1: Table S4 ).
Fluticasone effects on T-cell proliferation in mDC-T-cell co-cultures
In order to test whether fluticasone impacts on the interaction between mDCs and T-cells of cigarette smokers, mDCs isolated from peripheral blood of asymptomatic smokers were co-cultured with autologous peripheral blood T-cells and stimulated with 1 μg/ml LPS (n = 6 active cigarette smokers; n = 3 experiments per smoker) ( Figure 5 ). LPS-stimulated cell cultures were incubated with fluticasone (10 -7 M) or with fluticasone (10 -7 ) plus salmeterol (10 -7 M). Both incubation with fluticasone and with fluticasone plus salmeterol strongly reduced T-cell proliferation in LPS-stimulated mDC-T-cell co-cultures ( Figure 5 ).
Discussion
DCs are crucial players in pulmonary diseases caused by tobacco smoke, but knowledge on the pharmacologic modulation of airway DCs in smokers is sparse. This study demonstrates for the first time that inhalation of the ICS fluticasone reduces pDC numbers in the airways of cigarette smokers. In addition, it demonstrates that only a combination therapy of fluticasone with the longacting beta-agonist (LABA) salmeterol reduces airway mDCs in smokers. Notably, neither inhalation of fluticasone alone nor a combination therapy modulated the phenotype of airway DCs. Thus, our study adds important new evidence to the ongoing discussion on the role of ICS in the treatment of smokers. Corticosteroids can influence the number, phenotype and function of human mDCs [22, 23] . Several studies have demonstrated that ICS reduce mDCs in the airways of healthy subjects and of patients with allergic asthma [14, 15, 24] . Our study is the first to investigate ICS effects on airway DCs in smokers. In contrast to the findings in healthy subjects and patients with asthma [14, 15, 24] , there was no reduction in endobronchial mDCs after fluticasone monotherapy. In addition, there were no changes in the expression of function-associated mDC surface molecules. There are two hypotheses to explain these findings. On the one hand, airway mDCs of smokers might be ICS resistant, according to the concept that smokers exhibit a relative corticosteroid resistance compared to non-smokers [25] . On the other hand, the 4-week inhalation period might be too short or the ICS dose chosen too low to cause effects on endobronchial mDCs in smokers. However, a previous report using the same fluticasone dose as in our study demonstrated a reduction in airway mDCs in patients with asthma and in healthy controls in a comparable time Outliers (all cases more distant than 1.5 interquartil ranges from the upper or lower quartil) were omitted in the graphs. Significant differences between the two time points (p < 0.05) are marked with an asterisk. Abbreviations denote: Group (n = 14) assigned to Placebo (P), group (n = 14) assigned to Fluticasone (F), group (n = 14) assigned to Fluticasone and Salmeterol (F+S).
period [14] . Therefore, the lacking effects of fluticasone monotherapy on airway mDCs in smokers might be rather due to a resistance to the drug than due to the dose of fluticasone or the duration of the treatment.
An abnormal response of the innate and adaptive immune system to noxious particles and gases is the key pathogenetic feature of chronic obstructive pulmonary disease (COPD) [3] . Only combined therapy of ICS with LABA, but not ICS monotherapy, is an effective treatment option for COPD. This clinical experience is supported by molecular evidence suggesting that the crosstalk between ICS and LABA potentiates the anti-inflammatory effect of ICS [26] . Accordingly, ICS resistance of patients with COPD can be reversed by inhalation of a LABA [27] [28] [29] .
Our study confirms these data by showing that only smokers treated with fluticasone plus salmeterol, but not smokers treated with fluticasone alone, displayed a decrease in endobronchial macrophages and neutrophils. In addition, we demonstrate for the first time that only inhalation of fluticasone plus salmeterol reduces endobronchial mDCs in smokers. Myeloid DCs have been postulated to be key drivers of inflammation in smoke-related lung diseases [3, 30] . Thus, we hypothesize that the mDC reduction induced by the inhalation of fluticasone plus salmeterol might lead to a sustainable reduction of inflammation in the airways of cigarette smokers. It has been postulated that specific mDC subsets might play a major role in the pathogenesis of smoke-related lung diseases . Outliers (all cases more distant than 1.5 interquartil ranges from the upper or lower quartil) were omitted in the graphs. Significant differences between the two time points (p < 0.05) are marked with an asterisk. Abbreviations denote: Group (n = 14) assigned to Placebo (P), combined analysis (n = 28) of the groups assigned to Fluticasone or Fluticasone and Salmeterol (F / F+S). [31] . However, we did not observe a preferential decrease in one specific subset (such as CD1a+ mDCs or BDCA-1+ mDCs) following combination therapy. Thus, combination therapy might not only reduce those mDC subsets which induce the pathology of smoke-related lung diseases, but also other mDC subsets which might be beneficial. In addition, it has to be noted that mDCs also play a role in the protection against infections [8] . A reduction of mDCs in the airways may, therefore, predispose for infections. Thus, further studies are needed to clarify the precise role of mDC subsets in smoke-related lung diseases.
In additional DC-T-cell co-culture experiments using DCs from peripheral blood of active cigarette smokers we observed that the supression of DC-induced T-cell proliferation by fluticasone is not dependent on the presence of salmeterol. Thus, it appears that some aspects of DC pathophysiology can be influenced by ICS alone (such as the induction of T-cell proliferation), while others can only be influenced by a combination of ICS plus LABA (such as the number of mDCs in the airways).
Another effect of fluticasone independent of salmeterol co-medication was the reduction of endobronchial pDCs after 4 weeks of treatment. Plasmacytoid DCs are thought to have beneficial effects in chronic inflammatory airway diseases due to anti-inflammatory properties and due to their crucial role in the defense against infections [7, 8] . However, pDCs are very sensitive to corticosteroids. Corticosteroids such as prednisolone or dexamethasone inhibit the differentiation and induce apoptosis of human pDCs [32, 33] . It has been suggested that a corticosteroid-induced reduction of endobronchial pDCs might be related to the increased risk of recurrent pneumonias [18] . An increased risk of pneumonia has also been identified as a side effect of ICS therapy in patients with COPD [34] , although the underlying mechanisms for this clinical observation are still unknown. The reduction of airway pDCs by fluticasone observed in our study might be one contributing mechanism. However, studies in patients with COPD are needed to further clarify this issue.
A limitation of the study is the fact that only smokers with normal spirometry were included in the trial. Therefore, the relevance of the findings of this study for patients with COPD or other smoking-related lung diseases remains open. It was necessary to include a placebo group in this trial in order to exclude artifacts due to the endoscopic intervention and to exclude a possible physiologic variation of DC concentrations in the airways of smokers over the chosen time period. The scientific decision to include a placebo group led to the statement of the ethics committee that smokers with COPD (of any severity) must be excluded from the study because it was felt that treatment of patients with COPD with placebo only was ethically inappropriate. There is an ongoing debate about the design of clinical trials in the era of new COPD treatment options. The availability of potent drugs for this devastating disease makes it ethically impossible to perform controlled trials including a group of patients treated with placebo only. This results in the difficulty to distinguish between direct effects of the studied compound on the disease and complex drug-drug interactions with baseline therapy.
Conclusions
This randomized, double-blind, placebo-controlled clinical trial demonstrates for the first time that fluticasone reduces airway mDCs of smokers only in combination with salmeterol, whereas the effect of fluticasone on airway pDCs is independent of salmeterol. These findings will help to better understand ICS effects on inflammatory airway diseases of smokers. Autologous peripheral blood CD4+T cells were cultured alone (first column) or co-cultured with blood mDCs (second to fifth column) at a 5:1 ratio for 5 days. LPS-stimulated co-cultures (third to fifth column) were incubated with medium alone (third column), Fluticasone (F; fourth column) or Fluticasone plus Salmeterol (F+S; fifth column). The graph shows the T-cell proliferation rate after 5 days of culture. Significant differences (p < 0.05) are marked.
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